Objective: Computerized neurocognitive assessment tools (NCATS) are often used as a screening tool to identify cognitive deficits after mild traumatic brain injury (mTBI). However, differing methodology across studies renders it difficult to identify a consensus regarding the validity of NCATs. Thus, studies where multiple NCATs are administered in the same sample using the same methodology are warranted. Method: We investigated the validity of four NCATs: the ANAM4, CNS-VS, CogState, and ImPACT. Two NCATs were randomly assigned and a battery of traditional neuropsychological (NP) tests administered to healthy control active duty service members (n = 272) and to service members within 7 days of an mTBI (n = 231). Analyses included correlations between NCAT and the NP test scores to investigate convergent and discriminant validity, and regression analyses to identify the unique variance in NCAT and NP scores attributed to group status. Effect sizes (Cohen's f 2 ) were calculated to guide interpretation of data. Results: Only 37 (0.6%) of the 5,655 correlations calculated between NCATs and NP tests are large (i.e. r ≥ 0.50). The majority of correlations are small (i.e. 0.30 > r ≥ 0.10), with no clear patterns suggestive of convergent or discriminant validity between the NCATs and NP tests. Though there are statistically significant group differences across most NCAT and NP test scores, the unique variance accounted for by group status is minimal (i.e. semipartial R 2 ≤ 0.033, 0.024, 0.062, and 0.011 for ANAM4, CNS-VS, CogState, and ImPACT, respectively), with effect sizes indicating small to no meaningful effect. Conclusion: Though the results are not overly promising for the validity of the four NCATs we investigated, traditional methods of investigating psychometric properties may not be appropriate for computerized tests. We offer several conceptual and methodological considerations for future studies regarding the validity of NCATs.
this growing clinical use, it is important to establish the psychometric properties of these instruments to fully delineate their clinical utility.
Randolph and colleagues reviewed the neuropsychology literature from 1990 to 2004 and concluded that none of the traditional or computerized NP tests at that time successfully met the necessary criteria to be deemed useful in the clinical management of sport-related concussion. Because of this, they delineated criteria researchers should use when establishing the psychometric properties of tests to be used for assessing concussion (Randolph, McCrea, Barr, & Macciocchi, 2005) . In short, these criteria included establishing (1) test-retest reliability, (2) the sensitivity of the tests in the clinical issue of interest (i.e. concussion), (3) the validity of the measure, (4) reliable change scores and scoring algorithms for classifying impairment, and (5) ultimately determining the clinical utility of the measure (Randolph et al., 2005) . Resch, McCrea, and Cullum (2013) conducted an updated review of the NCAT literature from 2005 to 2013 to delineate the current evidence for the psychometric properties of four NCATs (ANAM4, CogSport, HeadMinder CRI, and ImPACT). They found generally lower than desired test-retest reliability and highly variable results with regard to validity. In general, they concluded there was a lack of evidence for the use of NCATs as a replacement for traditional NP tests, with a number of critical questions remaining unanswered. In contrast, Iverson and Schatz (2015) conducted a more targeted review of research regarding NP tests in sport-related concussion, and presented evidence indicating that NCATs may be more precise in the detection of post-concussion cognitive impairment than their traditional counterparts. Although the reviews offer different conclusions about NCATs, they both indicate a need for future studies to demonstrate adequate validity of NCATs.
Validity
Validity broadly refers to how well a test measures what it intends to measure. Establishing the validity of NCATs is necessary to determine which assessments have the most clinical utility (Broglio, Macciocchi, & Ferrara, 2007a) . Statistically, there are several common methods used to evaluate the evidence for validity in NCATs. Correlations between NCATs and benchmark or "gold standard" measures (e.g. traditional NP tests) are often used to determine how well tests relate to similar cognitive measures (i.e. convergent validity) and differ from dissimilar cognitive tests (i.e. discriminant validity). Stepwise regression is also utilized to evaluate validity by determining the extent to which NCAT scores predict scores on an established neurocognitive test (Kabat, Kane, Jefferson, & DiPino, 2001) . Additional approaches include sensitivity and specificity analyses, positive predictive and negative predictive values (PPV and NPV, respectively) , and odds ratios with wellestablished diagnostic tests or known clinical conditions (e.g. mTBI) to determine if an NCAT adequately classifies or predicts a clinical condition (i.e. criterion validity; Woodhouse et al., 2013) . Principal Components Analyses (PCA) and canonical correlations as well as various factor analytic approaches have been utilized to explore the relationship between measured variables and cognitive constructs or other underlying factors or latent constructs (Bleiberg, Kane, Reeves, Garmoe, & Halpern, 2000; Maerlender et al., 2010; Slick, 2006) .
Review of Current NCAT Literature
In comparison to traditional NP tests, NCATs are still in the early stages of clinical test development and validation. There are many commercially available NCATs, though perhaps four of the most widely used and studied are Automated Neuropsychological Assessment Metrics (ANAM), CNS Vital Signs (CNS-VS), Axon Sports' CogState Sport (CogState), and the Immediate Post-Concussion Assessment and Cognitive Testing (ImPACT). A comprehensive review of the validity of these measures is available elsewhere (Arrieux, Cole, & Ahrens, 2017) , and only a brief summary of the literature is provided here.
ANAM is commonly used in military settings as a pre-deployment, post-deployment, and post-injury screening tool (Roebuck-Spencer, Vincent, Schlegel, & Gilliland, 2013) . Studies have had varied results, with wide-ranging correlations and no clear pattern of convergent or discriminant validity (Bleiberg et al., 2000; Cernich, Reeves, Sun, & Blieberg, 2007; Jones, Loe, Krach, Rager, & Jones, 2008; Kabat et al., 2001) . ANAM also appears to lack clinical utility for the detection of concussion in solders if administered more than 10 day after mTBI , though other studies have found reaction-time based tests may have better prognostic utility (Norris, Carr, Herzig, LaBrie, & Sams, 2013) . CNS-VS was designed to closely mirror traditional NP testing, and to date there are very few studies to date investigating the validity of CNS-VS. Results suggest some evidence of convergent validity and little evidence of discriminant validity, with questionable diagnostic capabilities (Gualtieri & Hervey, 2015; Gualtieri & Johnson, 2006) . CogState (also referred to as CogSport or Axon Sports) was developed in Australia, and is commonly used in athletic, military, and clinical trial settings. Of the four NCATs reviewed, it has the most different "look and feel" as it uses a playing card motif for stimulus presentation. Numerous correlational studies have generally found broad agreement with traditional NP measures, though most studies have relied on reaction time and processing speed based tasks (Collie et al., 2003; Maruff et al., 2009; Schatz & Putz, 2006) . CogState has demonstrated the ability to adequately discriminate between healthy controls and clinical groups, including mTBI (Collie, Makdissi, Maruff, & McCrory, 2006; Lim et al., 2013; Louey et al., 2014; Makdissi et al., 2001; Maruff et al., 2009) . ImPACT is the NCAT used by most professional and collegiate sports teams who conduct preseason baseline cognitive testing and post-concussion cognitive screening, and is one of the most well studied NCATs. In Alsalaheen and colleagues' recent review of the ImPACT literature (Alsalaheen, Stockdale, Pechumer, & Broglio, 2016) , they concluded that there is evidence of adequate convergent validity. However, they found the literature suggests insufficient or inconclusive evidence for other types of validity, such as discriminant validity, predictive validity, and diagnostic accuracy.
Head to head studies. Though each of these NCATs are computerized measures of cognitive functioning, they vary in terms of the subtests included in each battery, the nature of stimulus presentation, the types of scores generated by the test (e.g. type of standardized score, use of reaction-time vs. accuracy based scores, subtest vs. composite scores, etc.), and the normative samples. Additionally, there is methodological variability across studies investigating the validity of these tests. Thus, the psychometric properties and clinical relevance of NCATs are difficult to ascertain across studies due to these variations (Resch et al., 2013) . Therefore, it is important to conduct studies that allow for more direct comparisons of multiple NCATs, using the same methodology in the same healthy control and clinically relevant (e.g. mTBI) samples.
Several published "head to head" studies have focused primarily on test-retest reliability (Broglio, Ferrara, Macciocchi, Baumgartner, & Elliott, 2007b; Cole et al., 2013) . Schatz and Putz (2006) conducted a study of three NCATs (ImPACT, Headminder CRI, and CogSport) as compared to two established traditional NP measures. The results revealed a great deal of variation in correlations among the NCATs and between the NCATs and traditional NP measures. Measures of reaction time and processing speed tended to have the highest (though still considered medium) correlations with other similar cognitive measures, with ImPACT sharing the most consistent correlations with the other measures. However, the authors stated that no definitive conclusions regarding a "best test" could be made and recommended further research into the validation of NCATs. In addition, Gardner, Shores, Batchelor, and Honan (2012) conducted a study which compared the diagnostic capabilities of two NCATs (CogSport and ImPACT) in athletes with and without acute mTBI. The results demonstrated that demographic and medical history variables (i.e. age, estimated premorbid FSIQ, and number of previous concussions) were better predictors of group status, as the two NCATs only accounted for 3.5% of the variance after those other variables were included in the model.
The only currently published, prospective, "head to head" study of reliability and validity to include a clinical sample was a study by Nelson and colleagues (2016) . They investigated the psychometric properties of ANAM, Axon Sport/ CogState Sport, and ImPACT. Performance on these tests was assessed at baseline and at 1, 8, 15, and 45 days post-injury with matched controls assessed at the same time points. Test-retest reliability and the ability to discriminate between the control and mTBI groups were found to be moderate at best for all NCATs. Group differences were small by 8 days post-injury, and effect sizes at all time points suggested limited clinical utility of the tests for discriminating between groups (Nelson et al., 2016) .
Aims and Hypotheses
We previously reported the test-retest reliability of the same four NCATs discussed in this paper, based on data from a different study (Cole et al., 2013) . The purpose of this current study was to extend our investigation of the psychometric properties of those four NCATs by focusing on test validity. Guided by the approach suggested by Randolph and colleagues (2005) , we are investigating these measures in a clinical population (mTBI) and comparing them to previously established NP tests. Specifically, we administered the four NCATs and a battery of traditional NP tests to a sample of healthy control service members and service members with acute mTBI (≤7 days post-injury). We expected participants in the control group to have higher scores than those in the mTBI group on traditional NP tests and NCATs. We also expected NCAT scores to demonstrate adequate evidence of convergent and discriminant validity with at least moderate correlations between NCATs and similar traditional NP tests.
Methods

Participants
All study procedures, including the recruitment and consenting of participants, were approved by Womack Army Medical Center's Institutional Review Board (IRB) and the U.S. Army Medical Research and Materiel Command's (MRMC) Human Research Protections Office (HRPO). Healthy active duty Service Members (SM) (N = 272) and active duty SMs having sustained a medically documented mild TBI (N = 231) were recruited over a 4-year period (2010) (2011) (2012) (2013) (2014) . Healthy controls volunteered after briefings conducted with soldiers in-processing onto Fort Bragg, NC. Participants with mTBI were recruited from Womack Army Medical Center's Concussion Care Clinic. Most injuries were sustained during Airborne Operations (e.g. parachute training jumps: 81.9%). Other mechanisms of injury were falls (5.2%), "other" (e.g. hitting their head while doing maintenance on a vehicle: 3.5%), motor vehicle accidents (3.0%), assaults/fights (2.6%), during sports (2.2%), and exposures to blasts during military training (1.7%). After the concussive injury was confirmed by a medical professional in the Concussion Care Clinic, research staff recruited the SM and scheduled an appointment with interested individuals within 7 days of the injury to complete the consent and evaluation processes. Research staff strived to schedule the appointment within 72 hr of the injury, with the average time from injury 4.97 days (SD = 1.76; median = 5; range = 1-7). Logistical considerations such as available appointments, weekends, and the SM's duty requirements were the primary reason for appointments being scheduled outside of 72 hr, though no SM was enrolled if seen more than 7 days after their injury. Enrollment occurred until a sufficient number of participants with complete and adequate data were obtained as guided by a priori power analyses conducted during the original study design phase. Data was excluded if it was missing (i.e. due to attrition or technical issues; n = 20) or the participant did not pass the tests' effort indices, as described subsequently.
NCAT Administration
After consenting to participate, participants logged onto computers that assigned a random study identification number and presented questionnaires collecting demographic information, military service information, general medical information, and current physical and mental health symptoms. After completing these questionnaires, participants were randomly assigned to take two of four NCATs in a randomly assigned order of administration: ANAM4-TBI-MIL (ANAM4), CNS-VS, CogState, and ImPACT. See Table 1 for a detailed description of each NCAT. A prior randomization algorithm was utilized to ensure that an equivalent number of participants took each NCAT at each time point (see Table 2 ). The concern regarding the effects of administration order, and the results from this dataset, is discussed at length elsewhere (Cole, Arrieux, Dennison, & Ivins, 2016) . Results suggested minimal meaningful impact of administration order, and counter-balancing the order of administration through study design is believed to have essentially nullified any potential effects of order of administration. This finding was consistent with results from another study involving administration of multiple NCATs in one session, where no impact of order of administration was found (Nelson et al., 2016) .
The NCATs were administered back-to-back with a brief break (i.e. several minutes) between tests. Participants responded to stimuli with mouse and/or keyboard controls, with the exact method dependent on guidance from each NCAT company. The assessment was conducted in carefully controlled, quiet, testing conditions with a testing proctor present at all times. The total time to complete the consent process, questionnaires, and both NCATs was approximately 120 min.
The NCAT scores evaluated in the analyses (Table 1) were automatically generated by each NCAT developer's software. The scores are standardized against normative reference groups for age and/or sex, depending on the NCAT, with those normative reference groups provided by each NCAT developer often via proprietary scoring software. Specific scores for each NCAT consisted of subtest, cognitive domain, index, or composite scores. Index, cognitive domain, and composite scores represent a compilation of scores from more than one subtest to represent a cognitive function (e.g., verbal memory) or overall performance across the entire battery.
Traditional Neuropsychological Test Battery Administration
After completing the NCATs and taking a 5-10 min break, participants were administered a battery of traditional NP tests, which included measures of intellectual functioning, verbal memory, visual memory, attention, and executive functioning. The included tests were selected based on input from a panel of experts not affiliated with the study or the NCAT companies. See Table 3 for a list of the traditional NP tests, the purported cognitive domains assessed, and the scores from each test used in analyses. Each test was selected for its well-established psychometric properties and widespread use in clinical settings. Tests are normed against population samples and standardized scores were derived based on age norms, as well as sex norms when available. Scores represent performance on individual subtests or parts of a subtest, or represent a specific cognitive function via index or composite scores, where performance across several subtests is combined. The test battery was administered in a quiet testing environment, one-on-one with a trained testing technician and according to each test's standardized administration instructions, and with all testing supervised by a licensed neuropsychologist. The total time to complete the traditional test battery was approximately 120 min. Summary scores: Summary scores:
Adapted from Arrieux and colleagues (2017) and Resch and colleagues (2013) . b These summaries generally capture the "standard" battery for each NCAT; however, the batteries used in other studies may include some variations and different combinations of subtests. 
Effort Indices
Each NCAT generated an "effort" score purportedly indicating if adequate effort on the test was put forth by the examinee. These effort indices are based on proprietary formulas included in each NCAT's scoring software. Generally, effort indices indicate if a participant met a minimum cutoff score (e.g. for response time or number of correct responses) on specified subtests or index scores. The Computerized Assessment of Response Bias (CARB) was used in the traditional NP test battery as a measure of effort (Allen, Green, Cox, & Conder, 2006) . The CARB has a total cutoff score that must be met to suggest the participant is putting forth adequate effort for obtaining credible scores. Examinees failing to meet cutoffs on any effort index were excluded from analyses (see Table 4 ). The WAIS-IV FSIQ is the score used for "IQ" in analyses. 
Data Analyses
Student's t-tests and contingency tables with chi-square statistics were used to assess group equivalence of demographics, military characteristics, number of lifetime head injuries (not including the index injury for the mTBI group), and IQ. Given numerous differences between the control and mTBI groups, univariate and multivariate least squares regressions were used to compare the performance of the groups on each score of the NCATs and the traditional test battery. Univariate regressions were used first to determine the amount a variance explained by mTBI status (Model 1). Multivariate regressions then evaluated the amount of variance explained jointly by mTBI status and demographics, military characteristics, number of head injuries, and IQ (Model 2). Finally, another set of multivariate regressions were used to determine the amount of variance explained by demographics, military characteristics, number of head injuries, and IQ only (Model 3). These three models then allow us to identify the shared variance between group status and demographic variables, isolating the amount of variance that was uniquely attributable to mTBI status after removing the shared variance, as indicated by the partial (or semipartial) R 2 statistic. Cohen's f 2 statistic was utilized to measure the effect sizes of the predictors in the regression models (Cohen, 1988 ). Pearson's r was used to measure the degree of association between standardized scores from the NCATs and the traditional battery. Interpretation of the strength of correlations was based on guidelines suggested by Cohen (Cohen, 1988) . The a priori power analyses previously mentioned were calculated for comparisons of categorical data (e.g. cognitively impaired vs. cognitively intact). Since a different statistical approach was taken in the current set of analyses, concerns regarding Type I and Type II error exist, especially the former given the large amount of correlations conducted. However, we based our interpretation on effect sizes rather than statistical significance because p-values do not measure the magnitude of association, but are simply the probabilities that we would observe our associations if the null hypothesis was true, whereas effect sizes represent the strength of association and are largely resistant to sample size (Ferguson, 2009 ). Thus, p-values are affected by sample size and interpretations of results based only on statistical significance are more prone to error. IBM SPSS version 22 was used to perform the regression and correlation analyses. Commercially available statistical analyses programs do not calculate most effect size statistics; therefore, Cohen's f 2 was calculated directly by the authors using Microsoft Excel.
Results Table 5 shows that the control and mTBI groups differed significantly in terms of most demographics, military characteristics, number of lifetime head injuries and FSIQ. The mTBI group was younger, more likely to be male, have lower FSIQ, and have more lifetime head injuries. They were also likely to have less education, less time in the military, and be lower ranking, which was likely a result, to some degree, of being younger. These "demographic variables" were accounted for in subsequent analyses beyond statistically controlling for them as the approach taken with the regression analyses allowed isolation of the unique variance accounted for by group status alone. The two groups did not differ significantly in terms of race.
Tables 6-9 show the effect of group status (i.e. control vs. mTBI) on NCAT scores. Per univariate regressions (Model 1), having a recent mTBI was associated with statistically significant worse performance on all ANAM4 (Table 6) , and CNS-VS (Table 7) scores and all but one score each from CogState (Table 8) and ImPACT ( Table 9 ). The effect sizes were generally small on ANAM4, CNS-VS, and ImPACT but were medium for three of the four CogState scores. However, after controlling for demographic variables, the unique effect of mTBI on the performance of all four NCATs was reduced, often to clinically meaningless levels (i.e. f 2 values <0.02), despite some remaining statistically significant differences between groups. Specifically, after accounting for the variance attributed to demographic variables, the remaining variance attributed to mTBI status had only small meaningful effects on some scores from ANAM4, CNS-VS, and CogState, but did not have a meaningful effect on any ImPACT scores. Table 10 summarizes the effect of mTBI on performance on the 65 scores from the traditional battery. Similar to the NCATs, there were statistically significant differences between groups on most scores though with effect sizes small on nearly all (83.1%) of the scores when group status was evaluated alone. However, after removing the variance attributed to demographic variables, the effect of mTBI status was meaningless for all but two (3.1%) of the scores, even though some group differences remain statistically significant.
There were 260-780 correlations completed for each NCAT (i.e. each NCAT score correlated with each NP test score), repeated three times (i.e. entire sample, control group only, and mTBI group only) for a total of 5,655 correlations calculated. Because of this large number, reporting all correlations would not be practical. Therefore, Table 11 summarizes the correlations between scores from each of the NCATs and the entire traditional NP battery. This table reports the range of correlations found for each NCAT as well as the number of correlations falling into predefined ranges (i.e. large = r ≥ 0.50; medium = 0.50 > r ≥ 0.30; small = 0.30 > r ≥ 0.10; and no association = r < 0.10). For all of the NCATs, the majority of the correlations with traditional battery scores were small. Of note, the mTBI group had the largest proportions of correlations with no association and the smallest proportion of medium or larger correlations. Additionally, there was no clear pattern that emerged to suggest NCAT scores and traditional NP scores measuring similar cognitive constructs (e.g. memory vs. memory) were consistently more highly correlated than scores measuring different cognitive constructs (e.g. memory vs. processing speed).
Discussion
The current study advances the literature by collecting data on four NCATs (ANAM4, CNS-VS, CogState, and ImPACT) using a similar sample (i.e. active duty SMs) of healthy controls and individuals within 7 days of mTBI, as well as administering a comprehensive battery of traditional NP tests. Findings from the current study are largely consistent with the existing body of literature, which does find performance differences on NCATs between controls and those with a recent mTBI. However, with further exploration these differences appear to be of little clinical value in this sample, calling the criterion validity of these NCATs into question. Specifically, group status (e.g. control vs. mTBI) accounted for little to none of the variance once statistically controlling for other demographic factors. That is, despite some group differences remaining statistically significant, what were small to medium effect sizes for mTBI status were much weaker or nonexistent across all NCATs after controlling for demographic factors.
Results regarding construct validity were also not promising, and there was no clear evidence of convergent and discriminant validity for any of the NCATs. In general, NCAT scores seemed to have low to medium correlations with traditional NP test scores, without regard to which cognitive domain the scores measured. Specifically, correlations between NCAT scores and the traditional NP test scores of similar cognitive domains were medium at best. When NCAT scores were compared to traditional NP tests of purportedly dissimilar cognitive domains, there was no clear pattern of weaker correlations.
With a head to head study, the question of "which test is the best" is often asked. No "best test" truly emerges from this study. Though CogState statistically performed the best with regard to group comparisons, the unique contribution of group status in predicting CogState's scores did not appear to be clinically meaningful in this sample. Additionally, CogState did not outperform the other NCATs with regards to the comparisons to traditional NP test scores. It should be noted that since this study was conducted in a group of active duty Army soldiers and the Army uses ANAM4 in pre-deployment and postinjury evaluations, ANAM4 did not perform notably better or notably worse than any of the other three NCATs. Despite these findings and the broader body of literature questioning the clinical implications of NCATs, these tests may still have some clinical utility in post-concussion assessments. Some research suggests NCATs are as sensitive, if not more so, to post-concussion symptoms as traditional NP tests (Broglio et al., 2007a) , and when used as a screening tool and combined with other evaluations, they can contribute to clinical decision-making after injury. However, we offer several conceptual and methodological considerations for future studies that could lead to expanded clinical use for these tools. First, it is important to note that questionable validity could be driven in part by inadequate test-retest reliability. Test-retest reliability has been repeatedly found to be moderate at best and generally lower than desired for clinical tools (Broglio et al., 2007b; Cole et al., 2013; Nelson et al., 2016) . As reliability is a necessary condition of validity, it is not surprising that validity would also be generally less than desired. There are indications that test performance, and thus test-retest reliability, can stabilize once practice effects are attenuated. Additionally, traditional methods for investigating test-retest reliability may artificially suppress reliability coefficients, as NCATs are able to measure factors, such as reaction time, much more precisely than traditional pencil and paper tests. Therefore, this precise measurement may introduce variability that would not be present with pencil and paper tests. Thus, nontraditional measures of reliability and alternative statistical approaches may yield more clinically relevant findings.
A second consideration is that traditional NP tests have been used in NCAT studies as the "gold standard" evaluation. However, the clinical utility of NP testing in post-concussion assessments is questionable (Randolph et al., 2005) . In fact, our data showed mTBI status accounted for even less variance in traditional NP test scores than in NCATs, especially once demographic variables were controlled. Also, as previously mentioned, research by Broglio and colleagues (2007a) , as reviewed in Iverson and Schatz (2015) , suggests that NCATs may be more sensitive to post-concussion cognitive effects than traditional NP testing, especially early in the post-injury phase.
As we discussed in a review of the literature regarding the validity of NCATs (Arrieux, Cole, & Ahrens, 2017) , comparing NCATs to traditional NP tests may be an "apples to oranges" comparison. NCATs are often put forth as proxies for traditional NP tests. However, it is likely that adapting cognitive testing to a computer platform fundamentally changes the test, rendering direct comparisons inappropriate, a point also made in the AACN/NAN position paper on CNADs (Bauer et al., 2012) . As Bauer and colleagues (2012) discuss, the "method variance" due to differences between NCATs and NP tests may impose upper limits on correlation coefficients. For example, in traditional measures of verbal memory the stimuli are typically presented verbally by the examiner, whereas NCAT measures of verbal memory and learning present the information visually on a computer screen. Also, traditional measures of learning and memory can assess free recall of information, whereas computerized cognitive tests rely on recognition memory, which measures a different cognitive process. Our traditional test of visual learning and memory required a more complex motor response than utilized in the NCATs. These differences between the way that stimuli are presented and the method of responding in NCATs and traditional NP tests suggest that the tests are not necessarily analogous.
Comparing NCATs to other NCATs also appears to yield an "apples to oranges" comparison. Although these tests purport to measure similar constructs, often tests or indices of the same name (e.g. "Attention") measure that construct differently. For example, two different NCATs may use different types of subtests to measure similarly named cognitive constructs. Or, one NCAT may measure a cognitive construct with an individual subtest whereas another NCAT uses an index score based on a combination of multiple subtests. And all four of the NCATs in this study use different normative databases for generating standardized scores. There are also examples where two NCATs have very similar subtests (e.g. a "Symbol-Digit Coding" task) but the scores are used to calculate different cognitive domains. Additionally, effort indices are defined differently, and thus a participant failing an effort index on one NCAT may pass the effort index on another. In our data, approximately three times as many participants failed the effort indices for CNS-VS and ImPACT than for ANAM4 and CogState. Therefore, supposed "head to head" comparisons based on subtest and index labels provided by the test developers are likely not as direct as they appear. New methodology that departs from reliance on nomenclature will be needed to address the "apples to oranges" issue. For example, implementing statistical approaches such as multitrait-multimethod analyses, use of raw scores rather than standardized scores, analyses that identify similar latent constructs across tests, or use of base rate analyses may yield more direct and appropriate comparisons. Other metrics not typically reported by the NCATs' scoring programs, such as response or reaction time variability, may also offer more directly comparable scores as well as more clinically relevant metrics.
Additionally, most studies of NCATs investigate validity by comparing groups with mTBI to healthy controls. However, this approach may suppress effect sizes and generally has limited clinical applicability. If a portion of the mTBI group is asymptomatic, clinically meaningful differences between controls and those with symptoms can be "washed out." Alternatively, a group level difference may be driven by a minority of the mTBI cases, as was recently observed in a previous study of ANAM4 (Ivins et al., 2015) . In clinical settings, the question is not whether the individual sustained a concussion, but rather if the individual is experiencing or is at risk for persistent postconcussive symptoms or if they are ready to return to play (RTP) or return to duty (RTD). Therefore, studies should compare symptomatic individuals to non-symptomatic individuals, and compare both of those groups to healthy controls. Also predictive validity, especially with regard to NCATs' ability to predict clinically relevant information, such as RTP or RTD, may yield more promising results than group comparisons.
Limitations
The current study is not without limitations. The analyses were relatively simplistic (i.e. regressions and correlations), we relied on group comparisons (i.e. mTBI vs. controls), and did not factor in symptom measures, while recommending such alternative approaches in our discussion of the previous literature and conclusions. However, most published studies of NCAT validity have relied on these types of statistical approaches, and we felt it important to replicate past methodology in this data before pursuing alternative statistical analyses. Thus, we believe this study sets the stage for future investigations. Also, we only conducted assessments at one time point, rather than multiple time points post-injury as some studies have done (e.g. Nelson et al., 2016) . This prevented us from factoring in test-retest reliability from this sample into calculations of validity, and prevented us from investigating predictive validity.
Another limitation is that our mTBI group included individuals up to 7 days of injury, with an average of almost 5 days from injury. Past studies have suggested cognitive deficits following mTBI are most salient within 24 hr of injury and resolve within 7 days of injury (Belanger & Vanderploeg, 2005) . We chose a window of 7 days for logistical and feasibility reasons, and though the research team strived to evaluate individuals as close to the date and time of injury as possible, some participants may have experienced resolution of cognitive symptoms before they were assessed. In addition, our control and mTBI groups were different on a number of demographic variables, likely due in large part to higher ranking soldiers having more control of their schedules, allowing them to make themselves available to participate as healthy controls in research. We statistically controlled for these differences, though future studies should strive to recruit a matched control group. We also saw higher rates of invalid data and withdrawals in the mTBI group. However, this is somewhat expected in a clinical sample where rates of invalid data on cognitive testing can be much higher (approximately 35%) than the 6%-21% rates we observed (Armistead-Jehle & Buican, 2012; Grills & Armistead-Jehle, 2016) . Additionally, the mTBI group was comprised of individuals with a recent injury and potentially ongoing symptoms, possibly leading to withdrawals due to discomfort and/or frustration with persisting with procedures. Regardless of expectations, it should be noted that these differences are a limitation of this study.
The choice of tests used in the traditional NP battery could warrant criticism. Though the selection of tests was guided by consultation from a group of experts, other pencil and paper tests, especially for assessing verbal learning and memory, perhaps more similar to the computerized assessments, could have been selected. However, this issue likely speaks to a larger issue of comparing NCATs to traditional NP tests, as discussed earlier. Finally, the NCATs were all administered on the same computer platform in the same type of setting. Different NCATs have different technical requirements, to include specific types of computers for administration, which could have affected timing accuracy in raw scores. However, all four NCAT companies were consulted regarding our technical setup and offered approval before we began data collection. These technical issues and considerations are not specific to our study, and should be considered in any NCAT investigation (Cernich, Brennana, Barker, & Bleiberg, 2007) .
Conclusions and Future Directions
Despite the limitations of this study, we feel the current investigation is an important addition to the body of NCAT literature. Though the results were not overly supportive for the validity of NCATs we feel this study, combined with other validity studies of NCATs using correlational analyses or group comparisons lay the groundwork for future investigations that may yield more clinically meaningful information. We suspect, given some of the methodological concerns identified and ways forward proposed, as well as existing research such as that reviewed by Resch and colleagues (2013) and Iverson and Schatz (2015) , NCATs have the potential to demonstrate more promising clinical utility for post-concussion assessments. In the interim, providers are encouraged to only use NCATs as a screening measure during the acute injury phase and as part of a larger battery of tests measuring a wide range of symptoms (e.g. cognitive, visual, vestibular, physical, etc.) . A professional qualified to interpret cognitive data, such as a neuropsychologist, should also be consulted for data interpretation. And as a "best test" was not identified, providers should use the test they feel best fits their needs and targeted population for screening and follow-up assessments.
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